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The results of an analysis of the Saturn l_Apollo, S-IB stage fins,
are presented with individual fin and the eight fin installation static

stability and axial force characteristics. Local load distributions and

pressure data for the maximum loaded fin are also presented. These data

are recommended for design and evaluation purposes.

This work was initiated under Contract NAS 8-A016, Item IIIb,

Task Assignment R-AERO-SAT-_IB-6-66, Work Assignment AD-15, and completed
under Contract NAS 8-AO16, Modification Number 281.
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i,,0 SUI_RY

The S-IB stage of the Saturn IB vehicle has eight m_Itiplanar aft mounted

fins for improving the vehicle static stability characteristics. Various wind
tunnel test programs (referencesl, 2, and 3) and data analyses have been con-

ducted to determine the fin static stability contribution, axial force char-

acteristics, and local load distributions. The results of the analyses, eval-
uated for applicability to the full scale vehicle, are presented for use as

design data. Included are fin pressure distributions and spanwise load dis-
tributions for structural design, fin normal force characteristics for static

stability predictions, and fin axial force characteristics for performance

analysis.

The results of the analyses were as expected except for transonic Mach

number normal force characteristics. Unexpected deviations and nonlinearities

were observed. Analysis of the data indicate that the anomalies are attributable

to configuration induced effects. Reco,-,endations are made for further study

of the present data, including a detailed comparison of the installed fin
characteristics to that of an interference free fin (reference 3) and for further

tests to isolate the configuration effects on the fin aerodynamic properties.
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2.0 INTRODUCTION

An extensive wind tunnel test program has been conducted on a .05 sca_e
model of the Saturn IB/Apollo launch vehicle to obtain detailed definltlon

of the aerodynamics on the S-IB stage tail shroud and fins (reference 1 and 2).

An analysis of the test data has been made, and the results defining the fin
aerodynamic characteristics are presented herein. These results, evaluated

for app14cabillty to the full scale vehicle, are presented for use as design
data.

The fin characteristics presented are the fin static pressures, fin
loadings, and fin static stability and axial force characteristics. Data are

presented for the individual fins for use as structural design data and for
the collective fin installations as data for the fin contribution to the total

vehicle aerodynamic characteristics.

P,_s 2



_.0 FIN CONFIGURATION

The Saturn IB, S-IB stage has eight fins mounted in multiplanar fashion

on the tail shroud. The fins are fixed, have no control surfaces, and are

installed for the purpose of improving the vehicle aerodynamic static stability
and increasing the aerodynamic damping in pitch and yaw.

The fin is mounted so that t_ root leading edge, located em a 30 ° fairing

which forms the juncture between the tank cluster and the tail barrel, appears
as a dorsal fin with the main portion of the fin mounted on the tail shroud

proper (Figure lc). The fin planform has swept leading and trailing edges.

The fin profile is basically a triangular tapered wedge with a rectangular

afterbody. Details of the fin geometry are presented in Table I. The fin con-
figuration is illustrated in Figure 2.

Table 1

It_ Value

Length, M.A.C.

Location, M.A.C.

Leading edge sweep

Trailing edge sweep
Thickness ratio

Aspect Ratio
Planform Area

Taper Ratio

Half Angle Leading Edge

Spanwise Taper angle

c = 7_"

Y = 47"

ALE= 45 °

S = 53.3 FT 2

Croot/ctip -- 2.50
@ = 5.5°
k = 2.88 °

Figure lb shows the installation of the eight S-IB stage fins and the

location of adjacent components such as the engine skirts and turbine exhaust

duct fairings. Figure lc is a perspective illustration of the fin installa-

tion and tail region. It has been included to show the many sources of aero-

dynamic disturbances in the area of the fins. These include the previously

mentioned skirts and T.E.D. fairlngs, tail barrel stiffeners, cable trays,

fuel fill and drain pipe, hold down arms, periphery air scoops, and the 30 °

tall shroud fairings. Not shown in the drawing are four mounting gussets at

the fin root chord, two on each side of the fin at fore and aft positions.

wAoe 3
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_.0 PP_S]_NTATION OF RESULTS

The fin aerodynamic characteristics are divided into three categories;
pressure environment, loading distributions, and force characteristics. A

brief description of the type of data presented, the presentation format, and
the use of the data are presented in the following sections.

The order of the figure presentation is reverse to that of the discussion.

The discussion of the data begins with the fin pressure field from _hich local

loads are evolved. The total or resultant forces on the fin are the product

of the summation of these local loads on the fin. These resultant loads,
however, are of primary interest; therefore, these data are arranged in order

of figures according to utility, which is (i) fin installation forces (2)
individual fin forces, (3) local fin loads, and (4) local pressure environment.

The data are presented for a Mach number range of 0.7 to 2.00 at angles

of attack ranging from 0° to I_.2 degrees. The ranges of these parameters
encompass the maximum aerodynamic design characteristics. Pressure and loads

data are presented for one fin position only (_ = 90 °) as this fin is the

maximum loaded fin. Force characteristics are presented for the individual

fins (_ = _5 °, 90 ° and 135 °) and for the collective fin assembly.

_.i Fin Pressure Data

Fin local pressure data are.presented, in coefficient form, in Figures

55 through 12_ for fin position _ = 90 °. Chordwlse variations of local
pressure coefficient are presented at selected span stations so that a com-

plete description of the fin pressure field over the fin surface is provided

for windward and leeward fin surfaces at Mach numbers 0.7, 0.8, 0.9,' 1.0, 1.2,

1.35 and 2.0 and angles of attack 2°, _o, 6 °' 8°' lO o, 12o and IA.2 °. Zero

degrees angle of attack local pressure data are presented for windward surface

only as the fin is symmetrical, and the pressures are, therefore, idefltical
for either surface.

The chordwise variations of the differential pressure coefficient (ACp)
across the fin for selected span stations are also included providing, at e_Lch
angle of attack condition, a complete description of the fin pressures; the

local surface pressures (windward and leeward) and the corresponding differen-

tial pressure loading.

_.2 Fin L_adin K

Integrations of local differential pressures across the fin surface yield

local fin loads. Spanwise local normal force distributions are presented in

Figures 25 through 3A. As in the case of the local pressures, the local load

distributions are for the _ = 90 ° fin as this is the _ load position.

The local load distributions are presented for the same Mach numbers and
angles of attack as the pressure data.

The c_troid of each chordwise local normal force coefficient distribution

is defined as the center of pressure _locatic_ for the local normal force coef-

ficient. The spanwlse variation of the local centers of pressure for the

standard _ach numbers and angles of attack are presented in Figures 35 through
_. The local normal force and local center of pressure location define the

distributed torsional moment loading.

PAGE
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_cal axial force distributions are presented in Figures A5 through 5A.

The center of pressure location for the local axial force is through the fin
horizontal centerline (Y axis).

_.3 Force Characteristics

Integrations of the spanwise load distributions yield the fin aerodynamic
force characteristics consisting of normal force coefficients, normal force

gradients, and axial force coefficients, _ith their respective points of appli-

cation. The force characteristics are presented for the individual fins,
= _5 °, 90 °, and 135 ° (Figures 3 through 24). The _ = 0° and _ = 180 ° fins

are subjected to insignificant loads somewhat equivalent to those for zero

degrees angle of attack. The individual fin loads are related to a body axis
system oriented in the plane of the particular fin. To obtain the individual

fin contribution to the vehicle force system, the fin axis system must be re-
rated into alignment with the vehicle axes.

Summations of the individual fin loads, resolved to the vehicle axis
system, are presented as total fin installation force characteristics. The

normal force characteristics of the eight fin installation are presented for

two conditions; (I) the normal force acting only on the fins (Figures 7 through
I_) and (2) the total normal force acting on the fins and body due to the

presence of the fins (Figures 3 through 6). The incremental load on the body

due to the presence of the fins is defined as carryover. A complete descrip-
tion of this effect and the fin loads is presented in Section 5. A fin mis-

_1_-,ent force gradient, _hich is the installed fin normal force gradient
in incidence, is presented in Figure 18.

Axial force coefficient variations for the eight installed fins are

presented in Figure 20. Note that the collective fin axial force coefficient

is configuration dependent, as the fin axial force for the SA-202 vehicle

is greater than that for the SA-201. The increase is attributed to the re-

moval of the engine skirts on the SA-202. The details of this effect are

discussed in the follo_dmg section. The center of pressure location for the

axial force of the eight fin installation is, Because of symmetry, on the
vehicle centerline.

Axial forces on individual fins, # = _5 °, 90 °, and 135 °, are presented

in Figures 21,22, and 23 respectively. The spanwise center of pressure lo-

cations for the axial force are presented in Figure 24.

P,_s 5
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5.O DISCUSSION

5.1 Fin Pressure Data

Pressure data for the _ = 90 ° fin, Figures 55 through 12_, are presented

for the Mach number range of 0.7 to 2.0 and angle of attack range of O° to
14.2 °. Data presented are windward and leeward fin surface and differential

pressure coefficients across the fin. The _ = 90 ° fin position was selected

for presentation as the flow characteristics demonstrated by the fin in this

position are typical and the loads for the fin in this position are a maximum.

These maximum fin loads are experienced at the horizontal (_ =90 °)

position because of the location in the upwash field, resulting in the maxi-

mum relative angle of attack. The pressure field for the lower fin (_ = 135 °)

is similar in trend to that for the _ = 90 ° fin but of smaller magnitude

because of its reduced upwash and relative angle of attack. The pressure field

of the upper fin (_ = _5°), _hich experiences a similar reduction in upwash

and relative angle of attack as the lower fin, is also influenced at angle of

attack by the thickening of the body boundary layer and at higher angles of
attack, separated wake flow on the leeside of the body. These conditions have

a pronounced effect on the fin pressures in the root area of the fin, and the

pressure differentials across the fin in the root area are markedly reduced.
Pressure data for the _ = _5 ° and _ = 135 ° fin, while not presented herein,
are available and presented in tabular form in references 1 and 2.

The results of an evaluation for flow angularity indicated an insignifi-

cant order of magnitude. The maximum angularity sho_n by the check pressures

was 0.25 degrees or less. The absence of angularity is important in the inter-
pretation of the loads obtained on the fin.

The _ = 90 ° fin pressure variations are basically those of a swept fin.

Comparison to pressures for a similar interference free fin (reference 3)

shows general agre_ent in trend with the exception of the inboard pressures.

The exact causes of the deviations noted in this area are not kno_m. Investi-

gation of local pressures and interpretive studies of Schlieren photographs

of the flow in the tail barrel region indicate the expansion and recompression

flow field around the juncture of the 30 ° fairing and tail shroud is super-

imposed on the basic fin pressure field. Transonically, a standing recompres-

sion shock is seen in the Schlieren photographs emanating from a point Just

aft of the shoulder and laying across all or a portion of the fin span, de-
pending on the freestream Mach number. The leeward pressures appear to be

more sensitive to this disturbance, as the windward pressures tread toward

the interference free data as the fin assumes an angle of attack. Deviations
in leeward pressures (as compared to interference free data) linger until

the angles of attack become large (6° generally). The actual effect of the

recompression shock on the fin leeward pressures is difficult to determine,
,as the, pressures on the leeward loading edge area experience large vartati_s.
The precise effect of a perturbation is difficult to isolate in this region
of high gradients. The comparisons of the installed fin to interference free

fin data indicate that individual leeward pressures of Mach numbers i.O and

1.2 are least affected and thel.35 Mach number leeward pressures appear to
have .the largest deviations.

PA+E 6



A complicating Eacto_. is the _ _:_ce _f reflected shocks in the

Schlleren photographs at Math n_moers 3.2 _d 1.35. A detailed examination

of the tail shroud pressures _ t_ _L[_ !_r_'_es failed to indicate any
obvious influence of reflected shocks. However, the large gradients ex-

perienced in the leading edge area pose the same problems to discerning re-
flections as those presented in discerning recompression shock effects. There-

fore, a final judgement concerning reflected shock induced disturbances cannot
be made.

5.2 Loc l Loads

Chord_ise integrations of the local differential pressures on the fin

yield the local span loadings _hich are presented in Figures 25 through 5&.

The spanwlse normal loads exhibit the characteristic trends of a swept wing
on a body with the exception of a nonlinear angle of attack variation of

section normal force coefficient at small angles of attack. The span loading

is typical with tip stall occurring with increasing angle of attack.

The section normal force variation with Mach number shows a decrease in

magnitude in the transonic region. (The section load Mach number variance

is reflected in the fin normal force coefficients and gradients presented in
Figures 13 through 16). The degradation in lift transonically is not unusual

as this is characteristic of thicker wing sections (References &, 5, and 6)
and is associated with a shock stall condition. The interference free fin

exhibits the same trend for both the section coefficients and the total normal

force coefficient. A trend not exhibited, how_ver, by the interference free
fin is the nonlinear variation with small angle of attack of the section and
total normal force coefficients.

Both the section normal force coefficients, and the fin total normal

force coefficients (Figures 12, 13 and l_) display a nonlinearity at approxi-

mately _ = 2% in the transonic region (M = 0.9 - 1.2. ). For the larger

angles of attack, the CN curve assumes the expected slope. The nonlinearity

results in a severe degradation of normal force and gradient in the low angle
of attack range. This effect has been noticed in previous Saturn IB/Apollo

static stability data for the fin normal force obtained from force test models,

but the effect _s generally attributed to hysteresis or a flow angularity
and ignored. The observed nonlinearities here are attributable to neither

hysteresis nor flow angularity as the levels of data repeatability and defin-

able angularities are too low to support such nonlinearities.

The exact cause of the nonlinearity, _ile still explicitely undefined,
must be assumed to be a product of the complicated flow field around the 30 °

tail shroud fairing. A reduction in the rise in normal force, or flattening
through the Mach 1.O region is presumed to be normal for a fin of this thick-

ness as similar trends are observed on the interference free fin. This flat

normal force gradient variation with Mach number is attributed to leading

edge shockstall condition on the leeward surface. However, for the Anstalled
fin_ prOsence of the reccmpression shock fr_a the expension flow around
the 30 ° fairing aggravates an already sensitive situation and causes, instead

of a E_attening, a decrease in normal force in the Mach 1.O region. The

mechanics of the influence of t_ recompression shock on the fin, however,
cannot be explicitly defined. Possible effects include l) a total pressure

loss in the flow field of the fin or 2) a discontinuity in the local flow on

the fin due to impingement of _he recompresslon shock onto the fin surface.

PAGE 7



A

o,v,s,oN _ CHRYSLERSPACe

v_ COAIW0_T_O_

The concept of recompre_sion shock i_terference is supported by a

limited experiment conduc_i by _hr_ Cp_ce Flight Center in the MSFC IA
inch wind tunnel. A test on a Saturn IB model was conducted with a sleeve

on the tank cluster fitted to the 30 ° fairing so that the fins are preceded

by a mmooth cylinder thereby eliminating the recompression shock. The un-

published results of these tests showed a definite relationship to the angle

of attack nonlinearity of the fin normal force to the recompression shock.

The unsleeved (standard S-IB stage configuration) model data had a nonlinear

fin normal force increment as shown in the fin pressure data; whereas, the

sleeved model, which eliminated the recompression shock, produced smooth,

linear, and larger fin normal force coefficients and gradients.

Tunnel interference effects cannot be absolutely ruled out, even though

no obvious interference reflection effects are apparent in either the local
pressures or loads on the fin.

The local axial force distributions are the result of integration of fin
surface pressures and base pressures plus an increment for local skin friction

drag. The skin friction drag is based on flat plate theory for the standard
trajectory conditions and weighted according to local chord lengths.

The local axial force distributions build up normally from tip to root,
but at span station Y/D of O.1, the local axial load drops sharPlY. The

dropoff is caused by an increase in the fin base pressure due to the presence

of the hold dow_ arm fixture. At the fin root, a decrease in the forebody

load occurs because of reduced forebody pressures in the region of the fin-body

juncture.

5.3 Static Stabillt7 Characteristics

Spanwise integrations of the section normal force coefficients yield the
total normal force coefficients for the individual fins. The individual fin

normal force characteristics, presented in Figures 12 through IA, reflect the

transonic degradations and nonlinearities in normal force discussed previously
for the local loads. Normal force coefficient gradients for the individual

fins, presented in Figure 9, illustrate the position effects on the fins. The

fin at _ = 90 ° experiences the largest forces due to its position in the upwash

field and the resultant relative angle of attack. The _ = A5 ° and _ = 135_e
fin normal forcesare diminished by the expected approximate factor of cos _,

with the _ = A5 ° fin suffering from additional losses due to the larger boundary

layer or separated flow on the leeward side of the body. The _ = A5 ° fin loads

deteriorate mainly in the inboard region. This can be seen in the outboard

Shift of the span location of the fin center of pressure, Figure 11.

Resolving the individual fin normal force coefficients into the vehicle

pitch plane and summing yields the fin contribution to vehicle normal

force. This force coefficient pertains to that force on the fins onl_ (FA_e
7).

The fin-body combination produces an incremental loading on the body,

termed "carryover", which increases the net fin contribution to vehicle normal

force. The load induced on the body is obtained from integrations of local
load distributions for the tail shroud with and without fins installed

(Reference 7). The sum of the fin normal force and carryover is termed the

P,_S 8
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total fin contribution to vehicle normal force. Values for this total fin

normal force contribution are presented in Figure 5. The corresponding
gradients are presented in Figure 3.

An effect of the body carryover on the total fin normal force contribu-

tion is to reduce the severity of the transonic fin load degradation. This
is because the body contribution to normal force experiences a characteristic

rise through the transonic Mach numbers. The carryover variation with Mach
number indicates the transonic degradation is a fin effect only. Isolation

of the degradation to the fins lends additional substantiation to the recom-

pression shock interference concept discussed in the loads section.

5._ Misali_nment Characteristics

The normal force gradient due to fin misalignment, presented in Figure 18,

varies with the incidence or misalignment angle, E . The variation presented

is for the vehicle zero angle of attack condition and is, therefore, indepen-

dent of fin position and applies to any one of the eight fins. The center of

pressure locations, longitudinal and lateral, are presented in Figure IO. A

misallgnment force will produce both an incremental pitching and rolling moment.

The fin misalignment normal force gradient displays the same transonic

trends as those for the fin normal force gradients at vehicle angle of attack.

5.5 Axial Force Characteristics

Integrated local axial loads provide fin axial force data for the indivi-

dual fins, (Figures 21 through 28). Total fin axial force, which is the

summation of the axial forces for the eight fins, is presented in Figure 20.

The variation in fin axial force for different fin positions is a resmlt

of the variations of the local surface pressures on the respective fins and,
for the _ = A5 ° and _ = 135 ° fins, the presence of the engine skir_s (SA-201)

behind the fins. The surface pressure variaticns are greatest for _ = AS" or

the fin on the leeward side of the vehicle, which is subjected, in the inboard

regions, to a thicker boundary layer and at higher angles of attack, separated
flow. The effect of the engine skirts is to raise the fin base pressure,

thereby, lowering the differential pressure and the corresponding axial force.

5.6 Localized Effects on Fin Characteristics

The fin characteristics presented in this report are without the turbine

exhaust duct fairings. The presence of these fairings influences the fin

normal force by influencing the pressure field, to increase (or decrease) the

normal force of the adjacent fin. The variance in normal force is

(nominally _+2%). An appreciable rolling moment, however, is induced by the

asya_etry of the turbine exhaust ducts (defined in references 8 and 9). Since

the effect of the turbine exhaust duet is small and as they a_e installed on
only vehicles SA-2OI and SA-202, no further detailed investigation on their
effects has been conducted.

PAGE 9
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6.O CONCLUSIONS AND RECOMM_DATIONS

6.1 Conclusions

The normal and axial force coefficients, their points of application,
the respective local loads, and the local pressure variations presented herein
compare favorably with theoretical estimates and prior experimental data with

the exception of the transonic anomalies. These discrepancies, however, appear

to be attributable to configuration effects, i.e., positioning the fin adjacent
to the tail shroud frustum-cylinder shoulder. Such effects were not heretofore

accounted for in theoretical analyses of the fin characteristics. The possibil-
ity of reflected shock disturbances in the test data sources is not to be

totally discounted,however. Good dynamic similitude was obtained with these

data as the observed boundary layer thickness on the tail barrel agreed with

the order of magnitude of the predicted flight values. It is cencluded, there-
fore that these data are valid representations of the fin characteristics and
are applicable as design data.

6.2 Reccunendations

The ex_ensive data obtained from the tests of references i and 2 provide a

fart4_sfl_d _br detailed analysis of the aerodynamics of a complex configuration.
It is rec_ended that further studies, in depth, be conducted with these data

in conjunction with the interference free fin data of reference 3, to gain
further knowledge of the aerodynamics of the present configuration and to

advance the "state-of-the-art" for predicting the characteristics of such com-
plicated fin-body combinations. Another reason for further studies is to

ascertain the actual influence, if any, of reflected shocks int@ the fin region.
This knowledge would be useful in evaluating the present data and could he

useful in evaluating data of other tests which could be subject to similar
phenomena °

Specific proposals for further studies and tests include:

A more thorough analysis of the existing data should be conducted to
provide a detailed ccaparison af installed fin and interference free

fin pressures, section loads, and total loads to evaluate the instal-

lation effects (recompression shock interactions, multiple fin inter_
actions, and upwash field) and possible tunnel interference effects.

Additional testing to detail the tail shroud shoulder recompression
shock interaction effects onto the fins. This would include addi-

tional testing of a force model with a sleeved and unsleeved S-IB

stage and testing a similar model with pressure instrumented fins.

Additional testing to isolate the possible tunnel interference

effects (shock reflections) intersecting the fins. This would re-

quire teBting small models in a large facility to eliminate the

possibility of reflected shocks impinging in the tail region.
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ILLUSTRATION OF SATURN IB/APOLLO

S-IB STAGE TAIL SHROUD AND BASE REGION

®
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C2)
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(_)
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(7)

v _ _,_ _,,

ITEM

Turbine Exhaust Duct

Vehicle Hold Down Arm

Tail Shroud Stiffener

Cable-Tray

Fuel Fill and Drain Pipe

Periphery Airscoop

Engine Skirt

NOTE: Fin Gussets Are Omitted From

This Illustration.

Figure l-c
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